We report on differential cross section (DCS) measurements for the electron-impact excitation of the electronic states of pyrimidine. The energy range of the present measurements was 15-50 eV with the angular range of the measurements being 10
I. INTRODUCTION
It has become widely understood that low-energy electrons play an important role in how ionizing radiation deposits its energy in matter. 1 Here ionizing radiation has been found to produce an abundance of low-energy secondary electrons which can efficiently interact with the biological media to deposit their energy. These interactions take place through excitation, ionization, or dissociative electron attachment processes that can alter the biochemistry or induce DNA strand breakage. 2 This may ultimately lead to cellular mutation or necrosis. The importance of understanding these interactions in biological systems has created an urgent demand for lowenergy electron-impact collision data. These data are a prerequisite for understanding and modelling radiation induced damage in complex biological systems. 3 Electron-impact differential cross sections, σ i (E 0 , θ ), that describe the probability that an electron with energy E 0 will induce a transition to the ith state and scatter into the θ -direction (with respect to the incident electrons direction) provide the most detail about the electron-target interaction. However, the complexity in performing electron scattering experiments to measure differential cross section (DCS) data for large molecules of biological relevance has made such data scarce. The large size of such molecules also makes the full scale ab initio calculations required to accurately model low-energy electron scattering from molecules largely intractable. The limited availability of collision cross sections for low-energy electron interactions with biologically relevant molecules has led to charged-particle track simulations often a) Electronic mail: darryl.jones@flinders.edu.au. b) Electronic mail: michael.brunger@flinders.edu.au. being evaluated in gaseous or bulk water. [4] [5] [6] To further improve models of radiation damage of biological systems it is desirable to include a more accurate description of the biological media that goes beyond water, such as including contributions from DNA analogs. However, this requires an accurate knowledge of the low-energy electron scattering phenomena from the constituent biomolecules. Gas-phase scattering data from biomolecules that are structural analogs to DNA may assist in this regard, with recent experiments revealing that DNA damage resulting from dissociative electron attachment occurs through changes to individual molecular subunits rather than over the entire length. 7, 8 Note further that the utility of employing gas-phase collision data to model behaviour in condensed matter has been recently demonstrated by White and Robson. 9 With the paucity of available experimental and theoretical data for scattering processes from large biomolecules, gas-phase measurements will provide an ideal testing ground for the further development and assessment of theoretical scattering models.
Pyrimidine (C 4 H 4 N 2 ) is the primary structure for many larger biological molecules. Specifically, pyrimidine forms the basis for the DNA/RNA bases cytosine, thymine, and uracil. An understanding of electron scattering phenomena for pyrimidine is therefore potentially important for elucidating the origins of electron scattering behaviour in larger biological systems. This has led to a number of recent electron scattering experiments from pyrimidine. These have included low-and intermediate-energy elastic electron scattering experiments, 10, 11 measurements of the threshold-electron excitation spectra, intermediate-energy electron energy loss spectra, 3 total cross sections, 12 dynamical and binary tripledifferential cross sections, 13, 14 and electron energy loss spectra of pyrimidine condensed on thin argon films. 15 Recently, we have published 16 data for electron-impact excitation of two excitation features of pyrimidine at 15 and 30 eV, in a comparative study with benzene relating to the nature of electron induced π -π * transitions in aromatic compounds. In this paper, we expand on that earlier work to present the complete set of differential cross sections for electron-impact excitations to the electronic states of pyrimidine up to the first ionization energy at four incident electron energies ranging between 15 and 50 eV. The present paper also follows from our earlier paper 17 where we reported a joint experimental and R-matrix theoretical study on the integral cross sections (ICS) for electron-impact excitations of pyrimidine.
II. PHYSICAL PROPERTIES AND EXCITED ELECTRONIC STATE SPECTROSCOPY OF PYRIMIDINE
Pyrimidine is an azabenzene with two N atoms located at the 1 and 3 positions in the six member ring. It is a symmetric planar molecule having C 2v point group symmetry, with a 1 A 1 ground electronic state. Here the introduction of the N atoms into the aromatic ring creates a permanent dipole moment of 2.28-2.39 D. [18] [19] [20] Pyrimidine also has a high dipole polarizability of ∼60 a.u. 12 This combination of a large dipole moment and high dipole polarizability has been found to play an important role in the scattering behaviour. In particular, the elastic scattering DCS exhibited strongly forward-peaked angular distributions, with this behaviour being attributed to the strong interaction between the electron and the dipole/dipole polarized target. 10, 17 We, therefore, expect this dipole moment and high dipole polarizability to play an important role in the electron-impact discrete excitation processes.
Substantial knowledge of the excited electronic states of pyrimidine has been gained from the measurement of its photo-absorption spectra, which has attracted considerable interest. 3, [21] [22] [23] In particular, the photo-absorption studies on pyrimidine, in combination with benzene and other azabenzenes, 21 have provided key insights into how the introduction of N atoms into the benzene ring influences the nature of the n-π * and π -π * transitions. These experiments have been interpreted with the assistance of numerous theoretical calculations to provide a detailed understanding of the singlet electronic states. [22] [23] [24] [25] [26] The pyrimidine photo-absorption spectrum is dominated by three broad features attributed to strong dipole-allowed transitions at 5.2, 6.7, and 7.6 eV. Specifically, the bulk of the intensity observed for these features has been assigned to π -π * transitions to the 1 B 2 , 1 A 1 , and 1 A 1 + 1 B 2 symmetry states, respectively. These features are supplemented by weak dipole-allowed ( 1 B 1 ) features at ∼4.2 and ∼6.0 eV. We also note that significant spectral intensity is also observed at 8.2 and 8.9 eV, which is attributed to a complex mixture of Rydberg-like excitations converging to different ion states. These spectral assignments are supported by theoretical calculations based on time-dependent density functional theory 22 and the symmetry-adapted cluster configuration interaction method. 25 This behaviour is similar to that observed in the present electron energy loss spectra (see Fig. 1 ), where we find six spectral features. However, the present spectra also display substantially different behaviour to that observed for photo-absorption. These differences stem from the absence of strict spin or dipole selection rules to the present electron scattering experiments. In particular, singlet → triplet excitation processes, forbidden in photo-absorption, become accessible in low-energy electron collisions through an exchange interaction. The available data on the singlet → triplet excitation processes is less comprehensive than that for the dipole-allowed transitions, with the weak transitions and complexity of the spectra making assignment difficult. Here only the near-threshold electron energy loss spectra, 23 hot photo-absorption spectra, 24 and theoretical calculations [22] [23] [24] have provided a somewhat limited description of the low-lying triplet states. We have recently demonstrated that the electron-impact excitation of pyrimidine to higher lying triplet states may be particularly important at low incident electron energies. 16 We, therefore, follow the state assignments outlined in Masin et al. 17 where we reported the most comprehensive coverage yet of transitions to singlet and triplet states.
III. EXPERIMENTAL METHOD AND ANALYSIS
Electron energy loss spectra (see Fig. 1 ) have been measured using an apparatus based at Flinders University. The full details of this apparatus have been described previously by Brunger and Teubner. 27 Briefly, a well-collimated and mono-energetic electron beam is crossed with an orthogonal beam of pyrimidine. Typical electron fluxes were in the range 2-5 nA, as measured in a Faraday cup located after the collision region. Here the pyrimidine sample (Sigma-Aldrich/Austin Chemical Company, >98.9% assay) underwent repeated freeze-pump-thaw cycles to remove any dissolved gases. The pyrimidine effused out of a 0.7 mm i.d. capillary, with the flow rate being controlled by a variable leak valve. In this study the chamber pressure during the experiments was typically in the order of ∼5 × 10 −6 Torr, to ensure that there were no noticeable effects due to multiple scattering. Electrons scattering into the θ -direction were detected using a channel electron multiplier after passing through a hemispherical energy analyser. Note that the combination of a hemispherical energy-selector and analyser enabled us to obtain an energy resolution of the order of ∼65 meV (FWHM) in the present measurements. Here a linear voltage ramp controlled the energy loss value of the detected electrons. This voltage ramp was further synchronized to a multi-channel scaler to record the number of electrons detected at each energy loss value. The present electron energy loss spectra at each incident energy and scattering angle were therefore built up by continually scanning over a range of energy loss values between -0.5 and 9.8 eV. In this way, the sensitivity of the results due to fluctuations in electron beam current and target gas density are minimised. In the present investigation the electron energy loss spectrum at each incident electron energy and scattering angle was measured between 2 and 4 times to ensure reproducibility of the obtained results. Note the interference of the primary electron beam and the physical constraints imposed by the size of the electron analyser and energy selector restrict the present angular measurements to scattering angles between 10
• and 90
• . The electron energy loss spectra at each incident electron energy and scattering angle were then deconvolved into contributions arising from a single transition or a group of unresolvable transitions. Here either one or two Gaussian functions were employed as fitting functions for each spectral feature, with the positions and widths of each feature having been established through consideration of the available photo-absorption spectra, 3, [21] [22] [23] threshold-electron excitation spectra, 23 and theoretical calculations. [22] [23] [24] A full discussion of the present spectral assignments has been reported in our earlier paper 17 relating to the ICS, so we do not repeat those details here. At each incident energy and scattering angle, the amplitudes of the Gaussian functions were varied, while keeping the positions and widths fixed, in a least-squares fitting procedure to determine the best overall fit to the spectrum. The area under the fitting functions for an individual or sum of unresolved transitions relates to the intensity of that transition. The intensity ratio (I i /I 0 ) of the ith inelastic feature to the elastic transition at each energy and scattering angle can then be related to the DCS for that feature,σ i (E 0 , θ ), at that energy and angle:
Here σ 0 (E 0 , θ ) is the elastic DCS for pyrimidine while η i0 is the relative transmission efficiency for the inelastically and elastically scattered electrons. Following a procedure similar to that outlined by Allan, 28 an additional focussing lens synchronized to the linear voltage ramp was employed to minimize variations in the detection efficiency for electrons detected with different energy loss values. Here the relative transmission efficiency was determined to be unity to within an uncertainty of 20%. The absolute scale of the inelastic DCSs is set by the recently measured elastic DCS of Palihawadana et al. 10 Note that the absolute scale and angular distributions of the experimental data for elastic scattering from pyrimidine were found to be in excellent agreement with sophisticated calculations. 10, 17 The uncertainty on the present measurements is obtained by combining the uncertainties of the elastic scattering DCS, the transmission efficiency and the statistical uncertainty of the inelastic scattering intensity ratio at each energy and angle.
IV. RESULTS AND DISCUSSION
In Fig. 1 , we present representative electron energy loss spectra at (a) 15 eV and (b) 50 eV. These spectra have been discussed previously in relation to our joint experimental and theoretical study into the pyrimidine ICS for electron-impact excitation, 17 so we only provide a brief description again here. Six prominent and uniquely resolvable spectral features have been observed in the energy loss spectra. Here the sixth feature is comprised of two energy loss features at 8.3 and 9.2 eV. These features are loosely combined due to the complex nature and potential ambiguity in assigning the large number of Rydberg-like excitations that are found in this energy region. The behaviour of all of the spectral features changes significantly for the varying kinematical conditions covered in the present experiments. In spectrum (a), the larger impact energy of 50 eV and the small 10
• scattering angle favours dipole-allowed singlet → singlet transitions from direct scattering events. Conversely, in spectrum (b) the low incident electron energy of 15 eV and relatively large 90
• scattering angle favours singlet → triplet transitions occurring through an electron-exchange interaction. The large number of accessible and unresolved singlet → singlet and singlet → triplet transitions predicted to lie within each spectral feature makes the characterisation of the individual spectral assignments difficult. However, by studying the behaviour of the DCS for the unresolved transitions in each spectral feature we may understand which transitions play an important role in the scattering phenomena.
The current DCS data for electron-impact excitations in pyrimidine are presented in Tables I-VII. ICS derived from the present DCS using a generalised oscillator strength extrapolation to forward scattering angles that were reported in our earlier study, 17 are also included for completeness. To our knowledge there are currently no available experimental data or theoretical calculations against which we can compare these DCS measurements. Therefore, in order to offer quantitative insights into the behaviour of the electron-impact excitation processes, we compare the DCS behaviour for the unresolved excitations in the different energy loss features. In Fig. 2 In Fig. 2 we present the DCSs for the energy loss features centred at E loss ∼ 4.3 eV and E loss ∼ 5.9 eV. First, at the lower incident electron energies, it is apparent that the DCS for the excitation to the unresolved 1 3 ∼ 5.9 eV) at the backward scattering angles. Such backward scattering angle contributions are dominated by the electron-exchange scattering phenomena, which in particular favours singlet → triplet excitations. Note that direct scattering reduces at larger scattering angles while exchange scattering increases owing to their respective long and short range interactions. 29 Here the large number of low-lying triplet states accessible at E loss ∼ 4.3 eV increases the excitation probability relative to that found at E loss ∼ 5.9 eV. We also observe that the DCSs for both features exhibit increased intensity at the more forward scattering angles. This behaviour is characteristic of direct scattering phenomena, which we mainly attribute to contributions from weak dipole-allowed transitions to the 1 B 1 states found in both features. This may also follow from an important contribution from spin-allowed but symmetry forbidden 1 A 1 → 1 A 2 transitions, which are expected to display a weakly forwardpeaked angular distribution. 30 The forward peaking observed for both energy loss features becomes more prominent as the incident electron energy increases from 15 to 50 eV. This is characteristic of a weakening of the singlet → triplet excitation processes at the higher incident electron energies where electron-exchange scattering becomes less probable.
The DCSs for the three prominent features found in the photo-absorption spectra are presented in Fig. 3 In this case each unresolved excitation feature exhibits a strong DCS intensity at the forward scattering angles. This is characteristic DCS behaviour for dipole-allowed transitions. 30 Interestingly, at 15 and 20 eV incident electron energies all these DCSs still exhibit minima in their angular distributions around 60
• before the DCS increase in magnitude again at the more backward scattering angles. As DCSs for spin-forbidden transitions can be found to increase as the scattering angle becomes larger, 31 or be largely isotropic (to within a factor of 2-3) (Ref. 30) over the angular distribution, we suspect that singlet → triplet transitions are also making a contribution to the DCS at these energy loss values. It is this contribution from excitations to triplet states that gives here the increased intensity at the more backward scattering angles. This behaviour was also particularly apparent in our comparative study between benzene and pyrimidine, 16 undertaken to evaluate the nature of the DCSs for π -π * excitations. In that work we noted that important triplet state excitations of benzene, previously identified in the near-threshold electron energy loss spectra, 32 are expected to correlate to triplet states found in the energy loss feature of pyrimidine at E loss ∼ 6.7 eV. Finally, the smaller ratio of singlet to triplet states found in the feature at E loss ∼ 5.2 eV slightly alters its DCS angular distribution; being slightly less forward peaked than the other mainly dipole-allowed features, while having a larger DCS intensity at the more backward scattering angles.
Finally, the DCS for excitations to the unresolved Rydberg states at E loss ∼ 8.3 and 9.2 eV are presented in Fig. 4 . In these energy loss features the bulk of the intensity is expected to arise from Rydberg like transitions converging to the 2 B 2 (7b 14 respectively. Here we observe that the Rydberg excitations in both energy loss features display the same angular behaviour in the DCS at all incident electron energies studied. In addition, at all incident electron energies the DCS for the Rydberg excitations are forward peaked. Further, any enhancement to the DCSs as the scattering angle increases is not strong here. This suggests that triplet state excitations are not significantly contributing to these energy loss features.
In summary, the present DCS measurements represent a comprehensive study of the electron-impact discrete excitation processes in pyrimidine. These DCS measurements provide important data that could be incorporated into charged-particle track simulations for elucidating the effect of radiation damage in biological systems. They are also expected to provide key insights into electron scattering phenomena from more complex biological systems. These measurements also represent important data for assessing the reliability of theoretically calculated DCSs for electron-impact excitation processes when they become available. We expect that such calculations may become available in the near future, with integral cross
